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ABSTRACT 


A new type of magnetic amplifier which performs the 
function of error measurement and power amplification nec- 
essary to position a large number of synchro motors with a 
single, small synchro generator as reference, has been 
developed. Positioning is achieved by a completely static 
coupling without the use of control transformers as error- 
sensing devices, or of servo motors and follow-up mecha- 
nism. This synchro magnetic amplifier was developed 
primarily to replace a system with a control transformer 
and electronic amplifiers used by the Navy for multiple 
shaft-positioning from a remote synchro generator. It was 
foundto give extremely rapid and stable transient-response, 
and to isolate the synchro generator from the rest of the 
system. It is also lighter, smaller, and far more reliable 
than its electronic counterpart. 


PROBLEM STATUS 
This is an interim report; work on this problem is 
continuing. 
AUTHORIZATION 
NRL Problem ۳,03 -22 
RDB Projects NE 141-402 Subtask 6.2 
and NR 423-220 


Manuscript submitted May 5, 1953 
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A MAGNETIC AMPLIFIER FOR SYNCHROS 


BASIC SINGLE-CORE MAGNETIC AMPLIFIER 


The synchro magnetic amplifier was developed at the Naval Research Laboratory” 
to eliminate some of the difficulties and failures of the synchro electronic amplifier. At 
the same time it provides a demonstration of a system utilizing magnetic circuits ofa 
type developed at the Laboratory.). 2. 3 


Since the system draws directly upon a circuit developed within the past few years, 
it will be worth while to review the principles first as applied to proportional amplifiers, 
and second, as used to sense an error or difference between isolated signals. 


To simplify the discussion, let us assume a core material possessing an ideal rectangular 
hysteresis loop anda circuit with ideal rectifiers and windings with negligible resistance. A basic 
single-core, half-wave magnetic amplifier is shown in Figure 1. For purposes of this illustration 
the power and control windings have a unity turns ratio and are wound in the sense indicated by the 
dots adjacent to the windings. Voltages E,, and م۳2‎ are sinusoidal, of equal magnitude, and have 
instantaneous polarity as shown. The magnitudes of the supply voltages Eac and Ez, are such 
that if either were applied directly to one winding onthe core, the time integral of this voltage 
would cause the core flux to change from knee to knee on the hysteresis loop. The control 
voltage Ec, is rectified ac of the same frequency and phase as E3e. When the polarities 
are as shown in Figure la, voltage Eg, will appear across the power winding and load in 
series while a back voltage is across the control rectifier and Ic is zero. For these volt- 
age polarities the flux will change in a direction marked “fire.” 


When polarities of the supply voltage are as shown in Figure 1b the current path is 
restricted to the control winding, and flux changes on the hysteresis loop will be in a 
direction marked “reset.” This mode of operation “resets” the flux of the core to a 
value determined by the time integral of the voltage E4c - Ec. The magnitude of the 
control voltage Ec will determine the amount of “reset” and establish the flux of the core 
at the end of the “reset” half-cycle as shown in Figure 2a. During this half-cycle, Ie 
will be the magnetizing current of the core and Ij, will be zero because of the 


“This circuit was invented by Dr. Robert A. Ramey, formerly of NRL and now associated 
with Westinghouse Electric Corporaticn. 

IRamey, R. A., "On the Mechanics of Magnetic Amplifier Operation," NRL Report 3799, 
January 22, 1951 

ĈRamey, R. A., “On the Ccntrol of Magnetic Amplifiers," NRL Report 3869, 

October 24, 1951 

ŜRamev, R. A., "The Single-Core Magnetic Amplifier as a Computer Element," NRL Report 
4030, August 8, 1952 
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Figure la - Polarity ofvoltages and direction of flux change 
during "fire" half-cycle of single-core magnetic amplifier 
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Figure lb - Polarity of voltages and direction of flux change 
during "reset" half-cycle of single-core magnetic amplifier 


power-circuit rectifiers. During the next half-cycle, designated “fire,” voltage و‎ will 

at first appear across the power winding and produce a flux change in the core proportional 
to the integral of this voltage. As the core flux proceeds to saturation, the current in the 
load will be only magnetizing current until the instant of time Tx. At the time Tx, the 

core flux reaches saturation and voltage Ec will then appear across the load, so that Ij, 
suddenly becomes equal to Eg. divided by the load impedance for the duration of this 
half-cycle. Since the change in core flux is proportional to the integral of the voltage 
across the windings, during the *reset" half-cycle the voltage integral producing a flux 


change will be 
T/2 T/2 
` Eac dt - f Ec dt. 
0 0 


For the next half-cycle or “fire” half-cycle the voltage integral producing a flux change 
in the reverse direction will be 


Tx 


T 
Eac dt = | Eac dt. - J Eac dt. 
T/2 T/2 1 


Since the total change in flux was the same for both the “reset” and “fire” half-cycle, 
where Egc = Eac, and there is 1:1 turns ratio, it follows that 


T/2 T 
7/3 f Ec dt = 73 f Eac dt. (1) 
Tx 


0 


when averaged over a half-cycle. Thus, voltage is transferred to the load proportional 
to the applied control voltage and in the case ofa 1:1 turns ratio on the core the average 
control voltage equals the average load voltage. 
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Figure 2b shows what happens when the output of the amplifier is minimum, or 
Ec = 0. It is true that the load current Ir is not zero during the “fire” half-cycle because 
magnetizing current must exist while the flux is changing. However, this minimum load 
current in the practical amplifier is usually negligible, being several orders of magnitude 
less than full load current. 
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Figure 2a - Voltage and current wave- Figure 2b - Voltage and current wave- 

form and flux change of single-core form and flux change of single-core 

magnetic amplifier with signal voltage magnetic amplifier without signal 
voltage 


Response Time 


The integral of the voltage appearing to the load on the *fire" half-cycle depends 
upon the integral of the signal voltage during the previous half-cycle. Thus, in order to 
have steady-state output on the “fire” half-cycle, it is necessary to have steady-state 
input on the previous *reset" half-cycle. Therefore, the response time to reach steady- 
state output will be the time from initiation of the signal, to the end of the next complete 
*reset" half-cycle. This means the minimum response time will be 1/2 cycle when Ec 
is applied at the beginning of a *reset" half-cycle. Also, the maximum response time 
will always be less than 1-1/2 cycles, reaching a maximum when Ec is applied immediately 
after a *reset" half-cycle has begun. It should be noted that this response time refers only 
to steady-state output. Actually, when E, is applied during a *reset" half-cycle, a portion 
- of steady-state output will be obtained on “the next “fire” half-cycle, the amount depending 
upon what percentage of steady-state input was reached during this first “reset” half-cycle. 
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Control Element 


In addition to the fast time of response of this magnetic amplifier, there are other 
characteristics which make this circuit especially adaptable for control purposes. For 
example, the controlling element may be a source of dc voltage, or a variable resistance, 
as well as a rectified ac voltage as shown in the preceding example. The basic require- 
ment of any of these control elements is that they will pass magnetizing current to permit 
resetting action in the control circuit. Since the controlling element provides an emf 
which bucks the supply voltage (Ec), the output power is proportional to the control 
voltage. This is a new concept in the field of magnetic amplifiers, which for years have 
been considered primarily as a current-amplifying device. 


Transfer Characteristics 


The transfer characteristic or plot of output versus input for conventional magnetic 
amplifiers is a plot of average output current versus average input or control current. 
In contrast, the NRL-developed magnetic amplifier, having as the control element a source 
of emf, establishes a linear transfer relationship between average control voltage and 
average load voltage. See Figure 3. This linear relationship holds for a range of control 
voltages from Ee = 0 to Ec = Eac, providing rectifier leakage is not excessive. It is very 
significant, in regard to the synchro amplifier, that, provided the ratio Eg م212‎ remains 
constant, this linear transfer characteristic is not affected percentagewise through the 
control range by changes in the supply voltage. Of course, the maximum power -handling 
capacity for a given load of the amplifier is reduced as the supply voltages are reduced 
(Figure 3). 


AC SUPPLY VOLTAGE IOO%RATED 


100% 
75% AC SUPPLY VOLTAGE 75%RATED 
l 
E d 
| — ! AC SUPPLY VOLTAGE SOMRATED 
50% 


AVERAGE LOAD VOLTAGE % RATED 


50% 75% 100% 
AVERAGE CONTROL-VOLTAGE % RATED 


Figure 3 - Transfer characteristics of magnetic amplifier 
for different supply voltages 


Special Circuit Characteristics 


It is shown in Figure 3 and by Equation 1, that the average voltage applied to the 
load is proportional to the average control voltage, Ec. This voltage output to the load 
is a direct result of E. opposing Eac. Similarly, in the absence of Eg, a reduction in 
Eac will produce an output voltage, Í Vout dt = I (Eac - Ea.) dt. This characteristic of 
the circuit to transfer to the load a voltage proportional to the difference between the 
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supply voltages Eac and Exc is a unique bilateral characteristic. To illustrate this 

bilateral action, assume a single-core circuit having the parameters indicated in Figure 4. 
When Eac is greater than Ez, circuit 2 fires owing to saturation of the core at one end of 
the hysteresis loop, and a voltage proportional to E = E,, - Eze is applied to R. Conversely, 
when Egc is greater than E, رم‎ circuit Í fires owing to saturation of the core at the opposite 
end of the hystersis loop, and the voltage across R'is proportional to E = E^, - Eac- 

This simple circuit, in addition to exhibiting a bilateral voltage transfer proportional to 

the difference becween Eac and Ex رم‎ also possesses another unique property, that of error 
sensing. Error sensing is due to the high remanence flux of the square-loop material, 

which exhibits a memory action, so that Eac in circuit 2 will act upon R during one half- a 
cycle depending upon how Efe in circuit Í acted upon the core in the preceding half-cycle. 
Conversely, Eg, will act upon R’ in accordance with the action of Eze upon the core in the 
preceding half-cycle. Thus an output is obtained as a result of error sensing, or a com- 
parison that is made between Ea and Eac with an inherent delay of 1/2 cycle introduced. 


APPLICATION TO SYNCHRO NON, 
AMPLIFIER e 0 
The application of a magnetic ampli- ۱ #1 
fier to function as a synchro amplifier R | R 
may be accomplished in several ways. + 
However, in order to have accuracy, fast 
ac 


response, high sensitivity, and stability, E 
one circuit was chosen from several alter- ۱ i 
natives. This circuit is a multiple appli- N,N, R=R Eac = Eac 
cation of the basic Ramey magnetic SQUARE LOOP CORE MATERIAL 
amplifier. 





Figure 4 - Single-core bilateral network 
Figure 5 is a block diagram of the 
complete system showing full-wave mag- 
netic amplifiers. In this diagram it is indicated how the control voltages for the six 
units are obtained from the stator of a synchro generator with each pair of stator ter- 
minals controlling two magnetic amplifiers. Thus, 


Voltage S.S, controls magnetic amplifiers A and A’ 
Voltage S,S, controls magnetic amplifiers B and B' 
Voltage S, S, controls magnetic amplifiers C and C’ 


The output of each pair of amplifiers supplies the respective synchro motor terminals. 
Thus, 


Amplifiers A and A' supplies synchro motor terminals S,S, 
Amplifiers B and B' supplies synchro motor terminals S; Ss 
Amplifiers C and C’ supplies synchro motor terminals S.S. 


The apparent duplication of amplifier units for each input and output serves a specific 
purpose which will be expiained later. 


All of the amplifiers A, A', B, B', C, and C' are identical full-wave amplifiers as 
shown in Figure 6. A constant current source, i, and two additional rectifiers, R, and R,, 
are in the control circuit (Figure 6) to insure that the control current will not rise above 
the magnetizing current of the core. As was previously shown, it is necessary to permit 
only magnetizing current in the control winding during the “reset” half-cycle. The output 
load on the synchro amplifier unit (Figure 6) consists of the winding between a pair of 
terminals on the synchro-motor bus in which a voltage is induced varying in magnitude 
and polarity with the position of the rotor. This presents a problem in magnetic-amplifier 









SYNCHRO & 
MOTORS & 


SYNCHRO MOTOR 
e 


Figure 6 - Full- wave synchro magnetic amplifier 


loading, since the impedance. of the load varies with the number of synchro repeaters used, 
and the voltage induced in the load varies with the angular position of these repeaters. 


When a synchro shaft is rotated through 360? and the rotor is energized with a single- 
phase voltage, the stator terminal voltages will appear as shown in Figure 7. Thus during 
one complete revolution, the stator terminal voltage (e.g., VS,S,) will change in magnitude 
and polarity, having the same polarity as the rotor voltage for 180? rotation and reversing 
polarity for the other 180°. Since the magnetic amplifier is to respond to the difference 
between the motor and the generator terminal voltage, it must also respond to a change 
in polarity of this voltage. To provide for polarity reversal the magnetic-amplifier 
circuit shown in Figure 8 is used. 


In essence, this circuit has two full-wave Ramey magnetic amplifiers connected for 
parallel operation, except that Ez. and Eac of one unit are in reverse polarity with Eac 
and Ez. of the other unit. This is arranged by supplying Eac and Ehe from two center- 
tapped windings of a transformer. By making Ea. = Eke, and equal to or greater than 
the maximum synchro terminal voltage, the direction of current through the synchro 
stator windings will be determined by the instantaneous polarity of voltages Ea „ and ۰ 


= EF "Tzu a Eu, M E صد‎ Mi a ui = — 
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Figure 7 - Synchro stator voltage as a function of 
angular position of the rotor 


SYNCHRO 
_GENERATOR, 





Figure 8 - Two full-wave magnetic amplifiers arranged to 
accommodate change in polarity of synchro stator voltage 


Since the voltage available to the core is the one with which we are concerned in both 
the power and the control circuit, let us examine Figure 9. In this figure, rms voltage is 
plotted versus rotor displacement. It should be noted that this is a volt-space plot rather - 
than a volt-time plot. The voltage available to the core is the algebraic sum of the supply 
voltage and the synchro terminal voltage. This is equivalent to having a single supply 
voltage Vt = Eac + VS, S,(motor) in the power circuit and V't = Eac + VS, s, (generator) in 
the control circuit. As long as the ratio of Vt/Vt”' remains a constant equal to the turns 
ratio of the windings, the magnetic amplifiers are quiescent, which is equivalent to Ea /Eac 
remaining constant and with no signal voltage in the basic circuit shown in Figures la and 
-1b. Also, as shown in Figure 3, the values of Ea c and Eac may change, but as long as the 
ratio Eae/Eic remains constant the magnetic amplifier operates along the same linear 
transfer characteristic. This is the condition that exists in the synchro amplifier as the 
motor and generator assume the same angular position through a complete revolution of 
360°. If the angular position of both are the same, V, and Vt' will change proportionally, 
and all magnetic-amplifier units will remain quiescent. However, let us consider what 
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Figure 9 - Voltage available to the synchro magnetic amplifier core 
as a function of the angular position of the rotor 


occurs when the voltages Vt and Vr’ change independently. Referring to Figure 8, and assum- 
ing instantaneous polarities as shown, and unity turns ratio for simplicity, we have for 
initia] quiescent conditions: 


For Unit C For Unit C' 
Vi = Vt’ Vi = We 
Vt = Eac + VS, S, (motor) Vt = -Eac * VS, S, (motor) 
Vt'= Eze + Vs, s, (generator) Vt’ = -Efc + VS, S, (generator) 


Now if we assume that the synchro generator is displaced so as to increase its ter- 
minal voltage, VS, S, (gen.), we have 


For Unit C For Unit C' 
Vi» Vt Vt! «Vi 


Neither core of Unit C fires because of blocking by the constant-current source and rec- 
tifiers. Core I of Unit C'will reset a smaller amount so that on the next half-cycle an 
excess voltage equal to the difference between V; and Vt will appear across the motor 
synchro terminals S,S;. Since the amplifiers are full-wave, core II of Unit C’ will fire 

on the second half-cycle following initiation of the signal. The current through the synchro 
motors will be in such a direction as to produce torque to position the rotors and to 
restore quiescence again. As soon as the motor rotor is positioned, the magnitudes of 

۷۰ and Vy will have changed to new steady-state values and then, 


For Unit C For Unit C' 


Vi'= Vt VW'= Vi 





tals __ —-. MB .. i = ——— — = 
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Next assume that the synchro generator is displaced such as to decrease its terminal 
voltage (Vs, S, gen.); for the same instantaneous polarities (Figure 8) we have, 


For Unit C For Unit C' 
V' «Vi Vt > Vt 


Core II of Unit C will reset a smaller amount, and this core will fire on the next half- 
cycle. Similarly core I of Unit C will fire on the second half-cycle, and torque in the 
synchro motors will be in a direction to restore quiescence until again, 


For Unit C For Unit C' 
Vi = Vi V v= Vt 


It is evident that the two units C and C’ act to provide torque in opposite directions 
irrespective of the polarity of the synchro's terminal voltage, with the direction of torque 
dependent on the polarity of the synchro terminal voltage. In other words, for one-half 
revolution of the generator rotor relative to the motor rotor, Unit C will provide clock- 
wise torque and for the other half, counterclockwise torque. 


When there is a displacement of the motor shaft with the generator in a locked 
position, a torque is produced resisting this displacement. The action of a core firing 
is again a function of the voltages Vt and Vi”, and, since a displacement of the motor 
rotor causes a change in the synchro-motor terminal voltage, there is a consequent 
unbalance produced by a change in Vt instead of Vy’. 


In going through the step-by-step analysis of the operation of the synchro amplifier, the 
main purpose of the constant-current sources becomes readily apparent, that of blocking 
other than magnetizing currents in the control circuit. For the case of a generator-initiated 
signal in the circuit, Figure 8, the voltage ۷ is seen to increase in one unit and at the same 
time to decrease in the other. Dependent on past history and upon the operating point along 
the hysteresis loop, an increase in V4' may cause saturation on the *reset" half-cycle. This 
tends to produce large currents in the control circuit, which are prevented by the constant- 
current source and associated blocking rectifiers. 


All of the constant-current sources are supplied from a single full-wave bridge rec- 
tifier using the 115-volt, ac supply, Figure 10. In both the positive and negative leads, 
high-impedance chokes are used such that the dc current is maintained nearly constant 
because of the high dc resistance of the chokes and ac isolation between units is assured 
by the large inductance of the chokes. 


COMPLETE SYSTEM 


Figure 11 is a schematic diagram of the complete synchro amplifier, For sake of 
clarity, the power and control circuits are diagrammed separately since the two circuits 
are electrically isolated except for inductive coupling through the cores. This circuit is 
a composite of three magnetic-amplifier circuits of the type shown in Figure 8. A simplifi- 
cation of the complete system is obtained by eliminating two of the center-tapped transformer 
windings. Here, Units A, A’, B, and B’ are seen to share common ac supplies (Eac and Eac), 
whereas, Units C and C' require different ac supplies. Therefore, the whole system uses 
8 ac supplies in the form of 4 center-tapped windings. These 4 center-tapped windings are 
provided from a single transformer with its primary supplied from the 115-volt line. 
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Figure 10 - Diagram of constant current dc supply 


RESULTS OF TESTS 


Investigation of the characteristics of the synchro magnetic amplifier included a 
series of tests in an attempt to determine accuracy, time of response, and gain. Measure- 
ments were obtained with a fair degree of precision on static and dynamic accuracy as 
well as on the time of response; no satisfactory measurements of gain were obtained 
because of the practical problems involved. 


Accuracy 


The static and dynamic accuracy of the synchros was tested both with and without 
the magnetic amplifier. As a basis for comparison, both static and dynamic accuracy 
checks were made on a Bureau of Ordnance 5-G synchro generator driving a single 5-F 
synchro motor direct-coupled without magnetic amplifiers. Both of these units were 
matched synchros selected to have an accuracy of £0.5?. This same motor -generator 
pair was tested for accuracy with the magnetic amplifiers in service and with 17 additional 
synchro motors of the same size paralleling the 5-F synchro motor under observation, Of 
the 18 synchro motors, only 6 were provided with external magnetic dampers and dials; 
the remaining 12 had free shafts. 


The dynamic accuracy test was made by driving the 5-G synchro generator from 
an external motor at a constant speed and photographing the dials of the motor-generator 
pair simultaneously. Light flashes from a Strobolux were used to make exposures on a 
moving film so that a point-by-point accuracy check was made between the motor-generatar 
pair while rotating. The results of static and dynamic accuracy tests both with and without 
the magnetic amplifiers are shown in Figure 12. 


Response Time 


The response time of the system was determined for step displacements initiated in 
either the synchro generator or the synchro motor, Here again, as in the accuracy tests, 
a comparison was made between the response time of a single motor-generator pair 
connected directly and the response time of 18 synchro motors using the magnetic 
amplifier. 
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Figure 11 - Schematic diagram of the complete synchro magnetic amplifier 
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To obtain the transient photographs in Figure 13, an oscilloscope was connected 
across one pair of motor stator terminals (e.g., S283) and the sweep triggered at the 
same instant a step displacement was initiated. Oscillations of the motor rotor, or 
rotors, in coming to rest were recorded as a change in amplitude of the 60-cps, ac 
voltage appearing at the stator terminals of the synchro motor. By choosing the proper 
rotor position to initiate the transients the 60-cps, voltage VS, S, was amplitude-modulated 
very nearly proportional to displacement, and the 60-cps voltage peaks provided a con- 
venient time reference. 





Generator -initiated transients were produced by switching from one to the other of 
two locked generators having appropriate angular displacement. Motor-initiated transients $ 
were made by displacing a single motor rotor and triggering the sweep at the same ‘ 
instant the displaced rotor was released. 


The response time of the amplifiers alone, without the influence of the natural 
period of the synchro motors, was obtained as follows. The synchro motors were 


Uum. e MV ES E. 


12 NAVAL RESEARCH LABORATORY 


o — ROTATION CLOCKWISE 
X — ROTATION COUNTER CLOCKWISE 


STATIC ERROR 
18 MOTOR SYNCHROS WITH MAGNETIC AMPLIFIER 





STATIC ERROR 
l MOTOR SYNCHRO WITHOUT MAGNETIC AMPLIFIER 





DYNAMIC ERROR ( GENERATOR SPEED 36* SEC.) 
18 MOTOR SYNCHROS WITH MAGNETIC AMPLIFIER 


e e 
TTT OO 






MOTOR SYNCHRO ERROR IN DEGREES 


DYNAMIC ERROR (GENERATOR SPEED 36% SEC.) 
۱ MOTOR SYNCHRO WITHOUT MAGNETIC AMPLIFIER 


O° 30° 60° 90° 120° 150* 80° 2109 240*270* 300* 330* 360° 
GENERATOR SYNCHRO DISPLACEMENT IN DEGREES 


Figure 12 - Static and dynamic accuracy of the system 


positioned by a generator No. 1 and then all motor shafts were locked. The control was 
then switched to a generator No. 2 displaced 20, and the oscilloscope sweeps triggered 
a short time before the instant of switching. One y-axis of a dual-beam oscilloscope was 
connected across a small resistance in one synchro-motor lead such that motor current 
was recorded as a function of time. The other y-axis was connected across a pair of 
control-circuit terminals to record the time that the generators were switched. 


Figure 14 shows the result of this measurement, and it mày be noted that the res- 
ponse time is essentially one cycle. This response time correlates with the dynamic 
accuracy tests made on the system which show an average angular lag of the motor 
synchros of approximately 3/4 of a degree for each direction of rotation (Figure 12). 
Since the speed of rotation for this test was 36? per second, 3/4 of a degree corresponds 
to a time lag of 0.02 second, which in terms of 60-cycle power-supply frequency is a 
response time of 1.2 cycles. When the speed of rotation is reduced one half, or 18 rpm, 
the dynamic error is correspondingly reduced by one half. 


Gain 


One of the greatest advantages of this particular magnetic amplifier is that gain and 
time of response are not interrelated. Furthermore, the output current is not necessarily 
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Figure 13 - Response of motor synchros with generator- initiated 
and motor-initiated transients 


a function of input current as it is for conventional amplifiers; instead, the gain of this 
circuit is more of a function of the ratio of input to output circuit impedances. Of course 
there are practical limitations to this type of magnetic-amplifier circuit, such as wind- 
ing resistance, ac power-supply impedance, rectifier back-leakage, and the fact that 
even the best core materials do not have remanant flux density equal to saturation flux 
density. In spite of these practical limitations, the results obtained with the synchro 
magnetic amplifiers are good. 


To obtain measurements of the gain of the complete synchro magnetic amplifier 
under operating conditions posed a problem. Since the output of the amplifier is, in 
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Figure 14 - Transient response of magnetic amplifiers obtained 
with blocked synchro rotors 


the final analysis, intended to provide torque through the respective motor synchros, it 

was believed that gain could be obtained from torque measurements. Although output 
torque could be readily measured, the input torque was essentially zero because of cur- 
rent limiting in the control circuit of the synchro amplifier. This limiting action kept the 
generator stator current to 11 milliamps or less, regardless of the torque exerted on the 
motor shafts whether the motor synchro was driven by the generator synchro,or vice 

versa (as when the motor synchro is overpowered by its load). This is not surprising, 
since the system is not designed to function as a torque amplifier but to deliver an output 
torque based on a comparison of motor and generator terminal voltages. Nevertheless the 
small generator stator current which is necessary as magnetizing current for the magnetic 
amplifiers does produce an extremely small reacting torque which was impractical to 
measure because approximately 10 milliamps are required to overcome static friction 
alone. Owing to the presence of static friction in the generator synchro shaft, which would 
swamp out measurement of input torque, overly optimistic figures of gain would result 
from torque measurements. Figure 15 gives the results of static torque measurements, and, 
for purposes of comparison, the torque displacement curve of a single 5-G generator 
synchro supplying two 5-F motor synchros is included. It can be seen from this graph that 
the maximum output torque obtained from a motor synchro with the magnetic amplifier 
supplying 18 motor synchros is twice that obtained when two motors and one generator are 
connected directly, and also that there is an incréase in the maximum torque available when 
more motor synchros are added in parallel as load on the magnetic amplifiers. This results 
from one characteristic of this magnetic-amplifier circuit, which is to perform more 
efficiently when coupled to a low-impedance load (in this case a number of synchro motor 
impedances in parallel). 


CONCLUSIONS 


The magnetic amplifier described in this paper provides power amplification such 
that the signal obtained from a single synchro generator may be used to position a large 
number of synhcro motors connected in parallel. 


This particular synchro magnetic amplifier was not designed as a replacement for 
any specific synchro electronic amplifier but rather to demonstrate a principle. However, 
the size and weight of this particular magnetic amplifier and its performance indicate that 
a system designed to replace certain electronic amplifier systems would offer considerable 
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Figure 15 - Static output torque with and without magnetic amplifiers 


saving in weight and space. The minimum size and weight of a synchro magnetic amplifier 
of this type designed for any particular installation will depend upon, 


(1) 
(2) 
(3) 
(4) 


type and number of synchro motors, 
mechanical load on the synchro motors, 
static and dynamic accuracy requirement, and 


speed of response desired. 


Although the magnetic amplifier provides good torque isolation between the synchro 
generator and the synchro motors, this type of system has two disadvantages. The first 
is that there is no torque isolation between respective parallel-connected motors. This 
is typical of any synchro system with several synchro motors connected in parallel and 
driven from a single generator. The second is that the temperature limitations on the 
magnetic amplifier are dictated by the germanium rectifiers, which do have a restricted 
operating-temperature range. 


* k * 


— — — — — 








L 
۴ 


ہت ےسک TATA‏ 


adii ih ہے‎ . 





` 
= Ma xL — — — = — 


Magnetic Amplifier Cores 
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APPENDIX 
Design Data 


SPECIFICATIONS 


29-gage toroidal, strip-wound, Hypersil. 
Outside diameter 2-7/8 in., inside diameter 
2-1/16 in., height 1 in. 


For power circuit, 2000 turns 422; for 
control circuit, 2000 turns 429. 


Primary, 115 v. Secondaries, two 180-v, 
center-tapped windings for Ea. supplies 
and two 170-v, center-tapped windings for 
Ez. supplies. 


Power circuits. Each rectifier shown 
schematically in the diagrams is made up 
of two G-10 power germanium rectifiers 
in parallel. 

Control circuits. All rectifiers are 1N39 
germanium diodes. 

Constant current source (Figure 10), four 
100-ma, 120-v, selenium. 


Constant current source (Figure 10), 
twelve 5500 ohms, 250 henries. 


WEIGHT 


Magnetic amplifier cores with windings 


(12 at 2-1/4 lb each) 
Supply transformer 
Rectifiers 


Chokes (12 at 1-1/2 lb each) 


27 lb 
11 lb 
4 lb 


18 lb 


Total weight (excluding chassis 


and hardware) 


60 lb 


SPACE 


The entire system may be conveniently housed in a volume of 2-1/2 cu ft (approxi- 


mately 12 in. x10in. x 30 in.). 
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